Infantile amnesia is a ubiquitous phenomenon, but its neural bases remain largely unknown. The authors identify a role for GABAergic transmission in suppressing retrieval of memories acquired in infancy. Eighteen-day-old rats received pairings of white noise and shock; considerable forgetting of this experience (assessed by freezing) occurred after 10 days. The memory was recovered by pretest administration of the GABA A inverse agonist FG7142 10 days, but not 2 months, after training. This effect of FG7142 generalized when a passive avoidance procedure was used. Also, FG7142 decreased fear of a latently inhibited conditioned stimulus, showing that the observed memory recovery effect was not due to a state-dependent process. It appears that GABA may be involved in infantile amnesia regardless of the emotional content of the memory.
Infantile amnesia refers to the general inability to remember experiences that happened early in life. Retrospective studies have repeatedly found that in humans the earliest memories date approximately from 3 years of age (Howes, Siegel, & Brown, 1993; Kihlstrom & Harackiewicz, 1982; Waldfogel, 1948; White & Pillemer, 1979) . This amnesia is not due to an inability to form episodic memories before that age because children younger than age 3 have been shown to be able to encode specific episodic memories and even to remember them for extensive periodssometimes for as long as 2 years (for a review, see Nelson, 1993) . Instead, these memories do not persist into later childhood and adulthood, indicating that infants forget at a more rapid rate than adults. For example, Ornstein, Baker-Ward, Gordon, and Merritt (1997) reported that children's spontaneous recall of visiting the doctor rapidly declined in 4-to 5-year-olds, in contrast to 6-to 7-year-olds who showed almost perfect retention of the visit for more than 2 years. Freud was first to label this rapid forgetting of memories seen in human infants as "infantile amnesia" and accorded it an important role in normal emotional and cognitive development (Brill, 1914) .
Infantile amnesia is a ubiquitous phenomenon that occurs in many different species (for review, see Campbell & Spear, 1972) . In perhaps the first empirical demonstration of infantile amnesia in the laboratory, B. A. Campbell and E. H. Campbell (1962) showed that infant rats forget considerably faster than do adult rats. In that study, rats of various ages (18, 23, 38, 54 , and 100 days old) received shocks while confined in the black compartment of a black-white shuttle box. Retention of the association between the black compartment and shock was tested either immediately after training or after a delay of 7, 21, or 42 days. Testing consisted of placing the rat in the white compartment and measuring the latency of the rat to move to the normally preferred black compartment (i.e., a passive avoidance test procedure). No differences in retention across age were found when testing occurred immediately after training, indicating that animals of all ages were equally able to acquire and express fear of the black compartment. However, when testing occurred after a delay, retention increased dramatically with age. Specifically, 18-day-old rats showed nearly complete forgetting after 7 days, whereas 100-day-old rats showed nearly perfect retention even after 42 days. This general finding of younger animals forgetting more rapidly than older ones has since been replicated numerous times with different conditioning procedures and different species, including humans (Campbell, Jaynes, & Misanin, 1968; Feigley & Spear, 1970; Greco, Rovee-Collier, Hayne, Griesler, & Earley, 1986; Schulenburg, Riccio, & Stikes, 1971; Steinert, Infurna, & Spear, 1980) . Despite its pervasiveness, the exact neural mechanisms involved in infantile amnesia are still unknown. It is clear, though, that infantile amnesia is not due to a memory encoding or a storage failure. Rather, it reflects a failure to retrieve the fear memory at test, because various pretest "reminder" treatments are able to reinstate the memory and reduce the amount of forgetting observed. Campbell and Jaynes (1966) first demonstrated this effect in their classic "reinstatement" study. Three groups of 25-day-old rats were used in that study; two groups received shocks while confined in the black compartment of a black-white shuttle box and the third, a control group, was exposed to the shuttle box without being shocked. One of the trained groups and the control group then received an abbreviated form of the training procedure (a reminder) once a week. Four weeks later, the group that re-ceived both the initial training and the reminder treatment displayed significantly greater avoidance than did the group that only received the initial training. Indeed, rats in this latter group exhibited very little retention of the black box-shock association over the 4-week retention interval. The high level of avoidance in the group given the reminder was not due to that treatment producing sufficient learning in and of itself to produce avoidance of the black compartment. That is, the control group that received only the reminder treatment but not the initial training did not avoid the black side of the shuttle box at test. This general finding of memory reinstatement has been replicated with different reminder treatments and in different species, including humans (Davis & Rovee-Collier, 1983; Hayne & Findley, 1995; Richardson, Riccio, & Axiotis, 1986; Richardson, Riccio, & Jonke, 1983; Spear & Parsons, 1976) .
From the evidence summarized above, it appears that young animals are capable of encoding and storing a memory, but they are impaired in retrieving that memory. In other words, memories formed in infancy appear to be somehow inhibited or suppressed. This inhibition is removed and the memory can be retrieved after a pretest treatment (e.g., a reminder). In the present experiments, we studied the role of gamma-amino butyric acid (GABA) in regulating retrieval of memories from infancy. The GABAergic system is the dominant inhibitory system in the mammalian central nervous system, and it influences neuronal development, synaptic plasticity, and learning and memory (Haefely, 1990; Olsen, 2002) . GABA activity is particularly pronounced early in development (Frahm, & Draguhn, 2001) . For example, the expression of GABA A receptor mRNA in the rat forebrain is low at birth but shows a dramatic increase, reaching a maximum during the early postnatal period, and then gradually declines to adult levels 2-3 weeks after birth (Zhang, Sato, Araki, & Tohyama, 1992) . Studies with monkeys and humans also suggest that GABA activity is more pronounced during early development than in adulthood (Lund & Harper, 1991; Snead, 1994) . Thus, infantile amnesia may be a retrieval deficit due to the overactivation of the GABAergic system during early development.
The possibility that GABA may be involved in regulating memory retrieval is supported by findings in adult animals. Benzodiazepines have pronounced amnestic effects in humans and other animals (Davis, 1979; Harris & Westbrook, 1994; 1998a) . In addition, the GABA A receptor partial inverse agonist FG7142 (which binds to the benzodiazepine site of the GABA A receptor and antagonizes the inhibitory effects of GABA) has been found to facilitate fear memory retrieval in rats (Harris & Westbrook, 1998b) . For example, Harris and Westbrook (1998b) first paired an auditory conditioned stimulus (CS) with an aversive shock unconditioned stimulus (US). CS-elicited fear was then extinguished by repeatedly exposing the rats to the CS in the absence of shock. When subsequently tested, rats given a pretest injection of vehicle exhibited low levels of freezing in response to the CS, as would be expected following extinction. However, rats given a pretest injection of FG7142 exhibited significantly higher levels of freezing in response to the CS, indicating that FG7142 allowed recovery of the extinguished fear memory. Because of these findings in adult rats and because GABA A receptors are particularly abundant in the amygdala (Macdonald, 1985) , which has a well-established role in learned fear (Davis, 1992; LeDoux, 2000) , we asked whether amnesia of fear memory in infant rats could be alleviated by pretest injection of FG7142.
General Method

Subjects
In all experiments, we used experimentally naïve Sprague-Dawley rats, bred and housed in the School of Psychology at the University of New South Wales. No more than one rat per litter was used per group. Rats were housed with their litter mates and mother in plastic boxes (24.5 cm long ϫ 37 cm wide ϫ 27 cm high) covered by a wire lid. Animals were maintained on a 12-hr light/dark cycle (lights on at 6 a.m.) with food and water available ad libitum. All animals were treated according to the principles of animal use outlined in The Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (7th Ed.) , and all procedures were approved by the Animal Care and Ethics Committee at the University of New South Wales.
Drug Injections
Injections of either FG7142 or vehicle were given subcutaneously (at the nape of the neck). Rats were weighed before injection, and all injections were given at a volume of 2 ml/kg, in a room directly next to the test room. FG7142 was dissolved in 0.9% weight/volume sterile saline. We added 1 drop of Tween 80 (polysorbate 80) per 5 ml of saline to enhance solubility. Saline, with Tween 80 added, was used for vehicle injections. In all experiments except Experiment 1C (dose-response experiment), FG7142 was injected at a dose of 10 mg/kg. In all experiments except Experiment 2A (time-course experiment), injections were administered 10 min before testing.
Apparatus
All sessions in the first four experiments with the exception of the test in Experiment 1D were conducted in a single set of identical experimental chambers. These chambers were rectangular (13.5 cm long ϫ 9 cm wide ϫ 9 cm high), with the front wall, rear wall, and ceiling constructed of clear Plexiglas. Two high-frequency speakers were located 8 cm from either side of the chamber. The floor and side walls consisted of 3-mm stainless steel rods set 1 cm apart. A custom-built constant-current shock generator could deliver electric shock (0.6 mA, 1 s) to the floor of each chamber as required. A second set of chambers was used for testing in Experiment 1D because of the increased size of the rats after the 60-day retention interval. These chambers were rectangular (30 ϫ 30 ϫ 23 cm) and wholly constructed of clear Plexiglas with two high-frequency speakers mounted on the ceiling. For all tests except Experiment 3, the chambers were modified to reduce the amount of contextual fear. These modifications were: (a) introduction of a background odor (grape, no.182380019; Wild Flavours, Heidelberg, Germany); and (b) a Plexiglas insert placed over the grid floor. Each chamber was housed within a separate cabinet so that external noise and visual stimulation were minimized. A low constant background noise (50 dB, measured by a sound level meter Type 2235, A scale, Brüel Kjaer, Naerum, Denmark) was produced by the ventilation fans located within the wood cabinets. A 15-W red light located on the cabinet door provided illumination during all experimental sessions. The CS was a white noise; noise level in the chambers was increased by 8 dB when the CS was presented. A computer controlled all presentations of the CS and the shock US. The software and hardware used were developed at the University of New South Wales.
Procedure
Training. Rats were placed in the experimental chambers, and after a 2-min adaptation period, the CS was presented for 10 s. Shock was administered during the last second of the CS. Three pairings of the CS and shock were given. The interval between Trials 1 and 2 was 115 s and the interval between Trials 2 and 3 was 85 s. After the last pairing, rats were returned to their home cages, and the chambers were cleaned with tap water.
Testing. Rats were placed in the chamber, and their baseline level of freezing in the absence of the CS was recorded for 1 min. The CS was then presented and freezing was recorded for 2 min. All test sessions were videotaped. Freezing was scored by a time-sampling procedure whereby each rat was scored every 3 s as freezing or not freezing. Freezing was defined as the absence of all movement other than that required for respiration (Fanselow, 1980) . A second scorer unaware of the experimental condition of each rat scored a random sample of approximately 35% of all rats tested. The interrater reliability was very high in all experiments (rs Ͼ0.90).
Baseline criterion for CS tests. CS-elicited freezing is difficult to detect if rats display high baseline levels of freezing. Therefore, a baseline criterion was introduced. Specifically, if a rat was freezing more than 50% of the time during the baseline test, it was removed from the freezing chamber without the CS being presented and was returned to its home cage. After 5-10 min, the rat was returned to the experimental chamber for a second test of baseline freezing. This was repeated until the baseline level of freezing was less than 50% or until three baseline freezing tests had been conducted. All rats met the baseline criteria, but two rats from the 1-day retention group in Experiment 1A were retested for baseline, and four rats from each group in Experiment 3 were retested for baseline.
Data analysis. In all experiments excluding Experiment 4 (the passive avoidance experiment), CS-elicited freezing was calculated as a difference score using the following formula: CF ϭ (T Ϫ B), where CF ϭ CS-elicited freezing, T ϭ percentage of time spent freezing in presence of CS, and B ϭ percentage of time spent freezing during the baseline test. These data were analyzed by an analysis of variance (ANOVA) and then by StudentNewman-Keuls post hoc tests ( p Յ .05). The passive avoidance data (Experiment 4) were analyzed with nonparametric statistical procedures.
Experiments 1A-1D
In experiments 1A-1D, we studied the development of infantile amnesia and its alleviation by the GABA receptor inverse agonist FG7142. Although infantile amnesia is robust, the exact rate of forgetting depends on the specific training procedure used (see Spear & Rudy, 1991) . Therefore, in Experiment 1A, we first determined the forgetting function for infant rats with the present training procedures using freezing as an index of conditioned fear. We chose to study CS-elicited freezing in these experiments for two reasons. First, Harris and Westbrook (1998b) used this measure in their study on GABAergic regulation of adult memory retrieval. Second, CS-elicited freezing has become a much more common measure in current work on the neural mechanisms of learning and memory in rats. In Experiment 1B, we asked whether injections of FG7142 before the test would alleviate infantile amnesia. In Experiment 1C, we characterized the dose-response properties of this alleviation of infantile amnesia. Finally, in Experiment 1D, we studied whether the alleviation of infantile amnesia by FG7142 would occur when testing was conducted some time (60 days) after original training.
Method
Experiment 1A. Two groups of rats were trained on postnatal day (PND) 18. One group (n ϭ 16) was tested 1 day after training, and the other group (n ϭ 16) was tested 10 days after training. A naïve, untrained group of rats was handled and then tested in order to show that any freezing elicited by the CS was due to the initial training experience. Half of the naïve rats were tested on PND 19 and the other half were tested on PND 28.
Experiment 1B. Two groups of rats were trained on PND 18; a third group was merely handled. All groups were tested 10 days later. One trained group (n ϭ 10) received pretest injection of FG7142, and the other trained group (n ϭ 8) received pretest injection of vehicle. We gave the untrained, naïve rats (n ϭ 8) pretest injection of FG7142 to assess any nonspecific performance effects of such injections.
Experiment 1C. Five groups of rats were trained on PND 18. One control group was tested 1 day later after an injection of vehicle (1-day vehicle group, n ϭ 12) whereas a second control group was tested 10 days later, again after a vehicle injection (10-day vehicle group, n ϭ 11). The other three groups were all tested after a 10-day interval, and all received a pretest injection of FG7142, either 1 mg/kg (n ϭ 10), 5 mg/kg (n ϭ 11), or 10 mg/kg; (n ϭ 11).
Experiment 1D. Two groups of rats were trained on PND 18. A naïve group was not trained but merely handled. All groups were tested on PND 78. Rats in one trained group (n ϭ 10) and the naïve group (n ϭ 14) were injected with FG7142 just before testing, whereas the rats in the other trained group (n ϭ 13) were injected with vehicle 10 min before testing.
Results
Experiment 1A. The mean levels of freezing in the naïve PND-19 and PND-28 rats were not different, t(10) ϭ .48, p ϭ .64, and therefore the data from these groups were pooled into one naïve group (n ϭ 12) for subsequent analysis.
The mean levels of freezing at test are shown in Figure 1A . Rats tested 1 day after conditioning showed evidence of fear, whereas rats tested 10 days after conditioning showed evidence of forgetting. The forgetting observed in rats after the 10-day interval was not complete because these rats exhibited significantly more freezing than did naïve rats. Statistical analysis confirmed this description of the data; specifically, there was an overall group difference, F(2, 41) ϭ 16.95, p Ͻ .0001, and subsequent post hoc comparisons showed that the naïve group was different from both of the trained groups and that the trained rats tested after a 10-day interval exhibited less freezing than the trained rats tested after a 1-day interval.
Experiment 1B. The mean levels of freezing at test are shown in Figure 1B . Inspection of the figure indicates that there was evidence that FG7142 significantly restored the fear memory formed in infancy without inducing fear in rats that never received training. That is, pretest injections of FG7142 significantly increased freezing in previously trained rats, compared with pretest injection of vehicle; further, this effect was not due to FG7142 causing freezing in and of itself because there was no evidence of freezing in naïve rats given a pretest injection of FG7142. This description of the results was confirmed by the statistical analysis, F(2, 23) ϭ 17.22, p Ͻ .0001. Post hoc comparisons showed that the trained-FG7142 group performed significantly better than both of the other groups, and the trained-vehicle group performed better than the naïve-FG7142 group.
Experiment 1C. The mean levels of freezing at test are shown in Figure 1C . Once again, pretest injection of FG7142 alleviated forgetting. Furthermore, the alleviation of infantile amnesia by FG7142 was dose-dependent, with larger doses leading to greater levels of memory. The overall ANOVA revealed significant group differences, F(4, 49) ϭ 6.30, p Ͻ .0001. Post hoc comparisons revealed significant differences between the 1-day and 10-day vehicle groups, with forgetting of the CS-US association over the 10-day retention interval observed. Those rats given either the 5 mg/kg or10 mg/kg dose of FG7142 exhibited more freezing at test than did the 10-day vehicle and 1 mg/kg FG7142 groups. Finally, a significant linear trend was found for the groups tested at PND 28 ( p Ͻ .0001), indicating that the recovered fear memory was directly related to the dose of FG7142.
Experiment 1D. The mean levels of freezing at test are shown in Figure 1D . Pretest injections of FG7142 did not alleviate the forgetting observed after a 60-day retention interval. Rats trained at PND 18 and tested 60 days later showed amnesia of the fear memory, regardless of what they were injected with before testing (all rats displayed less than 5% freezing in response to the CS). Statistical analysis of the results indicated that there were no significant group differences, F(2, 38) ϭ 1.95, p ϭ .156. These results could be a consequence of fear memories becoming insensitive to GABAergic manipulations over such a long retention interval. Another possibility is that the early acquired memory was forgotten to such an extent over the prolonged, 60-day interval that no pretest reminder treatment would have been effective at alleviating the observed forgetting.
Discussion
The results of these experiments show infantile amnesia of fear conditioning as indexed by the species-typical defense response of freezing (Experiment 1). Infant rats tested for fear 1 day after training displayed robust fear memory, whereas rats tested 10 days after training showed poor fear memories. This infantile amnesia could be alleviated by an injection of the GABA A receptor inverse agonist FG7142 before testing (Experiment 1B). This alleviation of infantile amnesia by FG7142 was dose-dependent (Experiment 1C) and was effective only when fear memories were tested 10 days after training. Injection of FG7142 failed to alleviate infantile amnesia when fear memory was assessed 60 days after training (Experiment 1D).
Experiment 2
Together, the results of Experiments 1A-1D demonstrate that FG7142 dose-dependently attenuates infantile amnesia when memory is tested 10 days but not 60 days after training. These results show that reducing GABAergic neurotransmission alleviates infantile amnesia. However, these results leave unanswered the question of when such reductions in GABAergic neurotransmission are necessary to alleviate amnesia. The present experiment studied the time course of FG7142 effects on infantile amnesia, specifically by varying the temporal interval between the drug injection and test. The question of interest here was whether FG7142 had to be present during testing to alleviate infantile amnesia or whether injections at longer intervals before testing would be equally effective in alleviating infantile amnesia. 
Method
Eighteen-day-old rats were trained and then tested after a 10-day retention interval. We injected FG7142 either 24 hr (n ϭ 13) or 10 min (n ϭ 14) before testing. Rats in the control group (n ϭ 14) were injected with vehicle 10 min before testing.
Results and Discussion
The mean levels of freezing at test are shown in Figure 2A . Rats given FG7142 10 min before testing exhibited significantly more freezing than the rats in the other two groups, which did not differ in freezing. The overall ANOVA indicated that there were significant group differences, F(2, 38) ϭ 4.13, p ϭ .024, and post hoc comparisons showed that the rats given FG7142 10 min before testing were significantly different from the rats in the other two groups that did not differ. These results show that giving the FG7142 24 hr before testing does not affect retention; rather, FG7142 needs to be injected shortly before testing to facilitate fear memory retrieval.
Experiment 3
The alleviation of infantile amnesia by FG7142 reported in the previous experiments could be subject to two different interpretations. The first is that FG7142 specifically affects memory by removing constraints on retrieval. In this case, such constraints were imposed by the passage of time since conditioning. The second is that pretest injection of FG7142 generates a state of anxiety (Horowski & Dorow, 2002 ) that provides a reminder cue that facilitates retrieval of the fear memory. In other words, FG7142 may be returning the rat to the internal context of training in which shocks occurred, thereby facilitating the retrieval of memory (i.e., state-dependent retrieval; for examples of this form of retrieval in infant rats, see Richardson et al., 1983 Richardson et al., , 1986 . In the present experiment, we used a latent inhibition paradigm (Lubow & Moore, 1959) to distinguish between these possibilities.
Latent inhibition (LI) refers to a decrement in CS-elicited responding following CS preexposures. More specifically, in a prototypical LI experiment, some subjects are preexposed to the CS in the absence of the US. During these preexposures, the subject learns that the CS signals nothing (e.g., Pearce & Hall, 1980) , nothing of importance (e.g., Mackintosh, 1976) , or nothing of relevance to its current motivational state (Killcross & Balleine, 1996) . Then, during CS-US pairings, the subject learns that the CS signals shock. Performance at test is determined by which of these two conflicting memories is retrieved. If the preexposure memory is retrieved, then levels of fear are low, whereas if the conditioning memory is retrieved, then levels of fear at test are high (Bouton, 1993) . The two interpretations of the effects of FG7142 on infantile amnesia described above offer contrasting predictions regarding the effects of FG7142 on LI. According to the first interpretation, FG7142 affects memory by removing retrieval constraints imposed, in the case of infantile amnesia, by the passage of time since conditioning. From this perspective, it follows that FG7142 should facilitate LI (i.e., reduce fear at test) because it should alleviate the retrieval constraints imposed on the preexposure memory, in the case of LI, by the recent interfering conditioning memory. According to the second interpretation, FG7142 generates a state of anxiety that provides a reminder cue that facilitates retrieval of the fear memory. It follows from this that FG7142 should reduce LI (i.e., increase fear at test) because it should facilitate retrieval of the conditioning memory.
Method
Design. Three groups of 26-day-old rats were used in this experiment. Two groups were preexposed to the CS on PND 26. Rats in the control group were exposed to the experimental chamber only (i.e., no CS preexposures). All rats were trained on PND 27 and tested on PND 28 (the same age at which rats were tested in the previous experiments). Rats in one of the CS-preexposed groups (n ϭ 10) received a pretest injection of FG7142, whereas the rats in the other CS-preexposed group (n ϭ 10) received a pretest injection of vehicle. All rats in the control group (n ϭ 10) were injected with vehicle. All injections occurred 10 min before testing.
Preexposure. The 17-min preexposure session consisted of 45 presentations of the CS. Rats were placed in the experimental chambers and, after a 2-min adaptation period, were presented with the auditory CS 45 times (each presentation was 10 s long). The interstimulus interval was 10 s. Rats not receiving the CS preexposures were placed in the experimental chamber for an equivalent period of time. No shock was given to any rat on this day. Unlike in previous experiments in this study, the experimental chamber was kept constant for all sessions because LI may be reduced if the training and the testing contexts differ (Harris & Westbrook, 1998b) ; any reduction in LI due to a contextual change would have reduced the sensitivity of this experiment to detect any effects of FG7142 on LI. 
Results and Discussion
The mean levels of freezing at test are shown in Figure 2B . There was evidence of LI because rats in the control group exhibited significantly more freezing than did the rats in either of the preexposed groups. Further, this LI appears to have been significantly facilitated by pretest injection of FG7142. This description of the results was confirmed by the statistical analysis. The overall ANOVA yielded a significant group difference, F(2, 27) ϭ 13.15, p Ͻ .0001, and post hoc tests showed that the two preexposed groups exhibited less CS-elicited freezing than did the control group. Further, the preexposed rats given pretest injections of FG7142 exhibited a more pronounced LI effect than did the preexposed rats given a pretest injection of vehicle.
The primary aim of this experiment was to determine whether the attenuation of infantile amnesia by pretest injection of FG7142 observed in the previous experiments was due to a general ability of FG7142 to facilitate memory retrieval in infant rats or whether it was due to a specific state-dependent retrieval process. The results of this experiment are consistent with the former and not the latter. FG7142 reduced fear at test, consistent with a facilitation of retrieval of the preexposure memory. This finding suggests that FG7142 reduced the interference produced by the recent conditioning memory. It is worth noting that this result cannot be due to an insensitivity of the LI paradigm to reminder treatments because Kasprow, Catterson, Schachtman, and Miller (1984) demonstrated that a pretest reminder treatment (i.e., reexposure to the shock US) caused an increased expression of the fear response to the CS.
Experiment 4
The findings of the experiments reported thus far indicate that immediate pretest injection of FG7142 leads to the dose-dependent recovery of a forgotten fear memory when memory is tested after a 10-day but not a 60-day retention interval. However, in all of these experiments, fear memory was assessed by measuring CSelicited freezing. As noted previously, we chose to study CSelicited freezing in these experiments to facilitate comparison with data on the GABAergic regulation of adult memory retrieval and because CS-elicited freezing has become a common measure in work on the neural mechanisms of learning and memory in rats. Nonetheless, it remains possible that the effects of FG7142 on infantile amnesia are specific to this measure of fear. In our final experiment, we used a passive avoidance procedure to investigate whether the effects of FG7142 generalized to other measures of memory.
Method
Design. On PND 17, three groups of rats were trained, and a control group received pseudotraining. All groups had seven subjects. One of the trained groups was tested the next day, after a pretest injection of vehicle. The other two trained groups and the pseudotrained control group were all tested after a 7-day interval (i.e., at PND 24). One of these trained groups and the pseudotrained control group were given a pretest injection of FG7142, whereas the other trained group was injected with vehicle.
Apparatus. Training and testing occurred in a shuttle box (height ϫ length ϫ width, 20 ϫ 40 ϫ 18 cm). The floor of the shuttle box consisted of stainless steel rods (2 mm in diameter spaced 10 mm apart, center to center). The shuttle box was divided into two equal compartments by a partition with a guillotine door (7 ϫ 6 cm). One compartment was white with a clear Plexiglas hinged lid and the other compartment was black with a black hinged lid. The shuttle box was located in a dim, noisy room; a 15-W bulb suspended 30 cm above the center of the white compartment was the only illumination in the room and white noise (70 -75 dB, A scale) was always present. Unscrambled constant-current shock could be delivered through the floor in the black compartment via a shock generator (Coulbourn Instruments, Allentown, PA, model E13-01), and tap water was used to clean the shuttle box after removal of each rat. Rats in the pseudotrained condition received training shocks in a standard operant chamber (20 ϫ 23 ϫ 21 cm) in a different room from the room in which the shuttle box was located. The front and rear walls of this chamber, as well as the hinged lid, were constructed of clear Plexiglas, and the end walls were made of stainless steel. The floor consisted of stainless steel rods (2 mm in diameter spaced 10 mm apart, center to center). The chamber was located in a quiet room illuminated by standard incandescent lights. Shock from a constant-current generator could be delivered to the floor of the operant chamber. Acetic acid (0.5%) was used to clean this chamber after removal of each rat.
Training. On PND 17, a Pavlovian differential fear conditioning procedure was used. Rats were placed in the black side of the shuttle box where they received three unsignalled shocks (0.6 mA, 1 s) 10, 30, and 40 s after being put in the chamber. They were removed from the chamber 20 s after the last shock. They were then placed on the white side of the shuttle box for 2 min during which time no shock was presented. This sequence was then immediately repeated. Rats in the pseudotrained condition were exposed to both the black and white sides of the shuttle box using the same procedure as above, but no shocks were administered. At least 1 hr later, these rats were placed in the operant chamber described above and given six shocks (0.6 mA, 1 s) during a 2-min period. The shocks were of the same intensity and duration as those used in the shuttle box and occurred after 10, 30, and 40 s of each 1-min period.
Testing. All rats were tested in the black-white shuttle box. Each rat was placed in the white compartment facing away from the door. Ten seconds later, the door was raised and the rats' latency to cross into the black compartment (all four paws) was measured. Rats that did not cross within 10 min were removed from the apparatus and assigned a score of 600 s. Because rats normally enter the black compartment relatively quickly, long latencies are taken as evidence of retention of the association between the black compartment and shock.
Results and Discussion
Median latencies are shown in Figure 3 . There was evidence of infantile amnesia. Vehicle-injected rats tested 7 days after training exhibited substantially less fear of the black compartment than did vehicle-injected rats tested 1 day after training.
Pretest injection of FG7142 markedly increased the rats' avoidance of the black compartment (i.e., improved memory). This increased avoidance of the black compartment only occurred in rats given the original training experience, not in rats that received the pseudotraining. Statistical analysis of the data supported this description of the data. A Kruskal-Wallis ANOVA indicated that there were significant group differences in the latency to enter the black compartment at testing (H ϭ 20.55, p Ͻ .0001). Subsequent post hoc comparisons, with the Mann-Whitney test ( p Յ .05), revealed that the vehicle-injected rats tested 7 days after training entered the black compartment faster than did the vehicle-injected rats tested 1 day after training (i.e., there was substantial forgetting of the black compartment-shock association over the 7-day retention interval). Further, the trained rats injected with FG7142 before testing showed much greater avoidance of the black compartment (i.e., better memory) than did the vehicle-injected rats tested after 7 days. This effect was not due to nonspecific motoric effects because pseudotrained rats injected with FG7142 before testing quickly entered the black compartment. Obtaining this effect using the passive avoidance procedure confirms the generality of our finding that pretest injection of FG7142 alleviates infantile amnesia.
General Discussion
The present experiments examined the involvement of GABA receptors in suppressing retrieval of traumatic fear memories from infancy. Their results can be summarized succinctly. Infant rats show intact retention of fear memories shortly after training but not at longer periods after training (Experiments 1A, 1D, and 4). Administrations of the GABA A receptor partial inverse agonist FG7142 alleviates this infantile amnesia of fear conditioning (Experiment 1B). This alleviation is dose-dependent (Experiment 1C), requires the presence of the drug at the time of testing (Experiment 2), and is independent of the behavioral measure of fear (Experiment 4). The alleviation of infantile amnesia by FG7142 cannot be attributed to nonspecific fear-inducing performance effects of FG7142 because naïve rats did not display fear responses after FG7142 injection (Experiment 1B) nor did pseudotrained rats show evidence of fear after FG7142 injection, despite receiving the same number of shocks as the other groups (Experiment 4). Instead, it appears that FG7142 specifically facilitates the retrieval of forgotten memory. These results therefore show for the first time that GABA receptors play an important role in causing the forgetting of fear memories from infancy.
It is worth emphasizing that the alleviation of infantile amnesia by FG7142 cannot be attributed to any anxiogenic or fear-inducing effects of the drug. As noted above, naïve rats did not display fear responses after FG7142 injection nor did pseudotrained rats show evidence of fear after FG7142 injection. However, the results of Experiment 3 are most persuasive in this regard. In that experiment, injections of FG7142 before testing promoted retrieval of the CS preexposure memory and so reduced fear at test. This result clearly shows that FG7142 did not act simply to inflate fear and is inconsistent with the possibility that our results are due to the putative anxiogenic properties of FG7142 (see Horowski & Dorow, 2002; Sarter, Bruno, & Berntson, 2001; Sena et al., 2003) . Instead, the facilitation of LI by FG7142 shows that the role of GABA is not restricted to regulating retrieval of fearful or traumatic memories but appears instead to be a more general one in regulating infant memory retrieval. The effects of FG7142 on infantile amnesia and on LI show that FG7142 acts to alleviate failures of infant memory retrieval regardless of whether those failures are caused by interference from new learning or the passage of time. Therefore, the present results suggest that GABA activity may be a general neural mechanism for regulating infant memory retrieval.
The present experiments identify important similarities and subtle differences in the brain mechanisms regulating retrieval of infant and adult memories. For example, previous research has found that pretest injection of FG7142 in adult rats facilitates retrieval of fear memories after extinction training (Harris & Westbrook, 1998b) . Extinction of a fear memory is not the same as infantile amnesia. Extinction requires explicit training whereas infantile amnesia does not, and extinction is lost across the passage of time (i.e., spontaneous recovery) whereas infantile amnesia develops across the passage of time. Yet in both instances, the original fear memory is recovered by injections of FG7142 administered before testing. This common sensitivity to alleviation by a GABA receptor inverse agonist is striking and suggests that the mechanisms responsible for inhibiting fear after extinction training in adults may emerge from the ontogenetic mechanisms for forgetting. It should be noted that Harris and Westbrook (1998b) did not find that FG7142 facilitated LI in adult rats. However, the fact that pretest FG7142 enhanced LI in infant rats in the present study and had no effect on LI in adult rats in Harris and Westbrook's (1998b) study does not mean that LI is mediated by different neural processes in infant and adult rats. This apparent difference may be more quantitative than qualitative. That is, FG7142 may be more effective when endogenous GABAergic tone is high, such as during infancy, than when endogenous GABAergic tone is low, such as during adulthood.
The present results raise the theoretically important question of whether infantile amnesia is fundamentally different from forgetting in adults. Infantile amnesia is often postulated to be a unique type of forgetting that is caused by qualitatively different processes or mechanisms than is forgetting in adulthood. In contrast to this view is the possibility that infantile amnesia and adult forgetting merely differ quantitatively. In other words, it is possible that the same processes or mechanisms are involved in forgetting at all stages of development. From this latter view, the greater forgetting observed in young animals (i.e., infantile amnesia) is simply a Figure 3 . Median latency (Ϯ semi-interquartile) of infant rats to enter the black compartment tested with a passive avoidance procedure in Experiment 4. Rats were tested either 1 or 7 days after training and were given a pretest injection of either FG7142 or vehicle. Pseudotrained rats were injected with FG7142.
consequence of the negative and positive modulators of memory having a different balance in young than in adult animals. At present, the empirical evidence does not offer convincing refutation of either of these two views. However, findings like those reported in the present study, which show that a treatment facilitating adult memory retrieval also facilitates infant memory retrieval, are more consistent with the latter possibility than the former. Nevertheless, such an outcome would not compromise the importance of understanding infantile amnesia. If infantile amnesia is indeed an exaggerated form of general forgetting, then it will be even more interesting and important to study because it will provide a practical way of examining the processes or mechanisms involved in the pervasive phenomenon of forgetting in general.
For the first time, GABA activity has been identified as a general neural mechanism for regulating infant memory retrieval; however, it is unlikely that ontogenetic differences in GABAergic tone are the only neurobiological causes for the more rapid forgetting of fear memories in infants versus adults. For example, if higher GABA activity during the first few postnatal weeks were the only cause of infantile amnesia, then one might expect to observe spontaneous recovery of these early acquired memories as levels of GABAergic activity naturally decreased across later development. To the best of our knowledge, such spontaneous recovery does not typically occur. Certainly the results of Experiment 1D failed to provide such evidence. Moreover, the results of Experiment 1D showed that pretest injection of FG7142 failed to recover a forgotten early memory when rats were tested as adults. These findings suggest that there are multiple neurobiological mechanisms for infantile amnesia and that there is a limited window of opportunity during which a memory from infancy can be retrieved via GABAergic manipulations. Across prolonged retention intervals (e.g., 60 days), the infant fear memory appears to become resistant to the retrieval enhancing effects of FG7142. This appears to be the general pattern observed in the memory reactivation literature. That is, memories that have been forgotten for longer periods of time are more difficult to recover than memories that have been forgotten for shorter periods (e.g., Joh, Sweeny, & Rovee-Collier, 2002) . It may be that these memories have decayed from storage or that the memory still exists but more effective reminders are needed to facilitate its retrieval. Distinguishing between these two accounts on the basis of behavioral data alone will be difficult, if not impossible. However, identifying the neural bases of infantile amnesia may help to solve this problem; the present study is an initial step toward that goal.
In conclusion, the experiments reported here show for the first time that GABA plays a central role in suppressing retrieval of traumatic fear memories from infancy and in regulating infant memory retrieval in general. Our results strongly suggest that the rapid forgetting displayed by infants is due, at least in part, to increased GABA activity during early development. The exact neuroanatomical locus for this role of GABA in regulating infant memory retrieval and the effects FG7142 on forgetting in other preparations (e.g., appetitive conditioning) remain to be determined.
